[1] We performed analyses of topographic variation (surface roughness) using a new 2-D mapping method which shows that understanding the relationship between data resolution, Hurst exponent, y intercept, RMS deviation, and cell size is important for assessing surface processes. We use this new method to assess flows at six field sites in Kilauea caldera, Hawaii, using three data sets at different resolutions, TOPSAR (10 m/pixel), airborne lidar (1 m/pixel), and tripod-mounted lidar (0.02-0.03 m/pixel). The flows studied include ponded pahoehoe flows, compound pahoehoe flows, and jumbled, slabby pahoehoe. The 2-D quantification of surface roughness for the Kilauea lava flows indicates that features formed during emplacement and modification of the flows exhibit statistically distinct roughness signatures. The 2-D method provides a tool for unit mapping based on surface roughness. Key findings indicate that the new 2-D method provides more robust results than 1-D methods for surface roughness because of larger 2-D sample sizes and the removal of 1-D directional bias leading to a reduction in error. Furthermore, data set resolution relative to the scale of the features under study is important to consider when designing a 2-D surface roughness study. Future applications to topographic data sets from Mars will provide information on flow emplacement conditions and spatial and temporal evolution of volcanic provinces on Mars.
Introduction
[2] The statistical roughness of a planetary surface is a useful characteristic for planetary mapping [Kreslavsky and Head, 2000] , investigating potential landing sites for surface rover mobility [Anderson et al., 2003; Golombeck et al., 2003] , constraining surface scattering models used in radar investigations [Shepard et al., 1995; Orosei et al., 2003] , and interpreting formation and modification processes that affect surface topography [Shepard et al., 2001] . Surface roughness is the expression of the topography at horizontal scales from submeter to hundreds of meters and is commonly self-affine, or fractal [Mandelbrot, 1982; Turcotte, 1992] . Self-affine topography can be statistically quantified using the RMS deviation, which is calculated from the RMS of the difference in topography between points separated by a lag or a step [Mandelbrot, 1982; Turcotte, 1992] . However, there are caveats to roughness analysis; for example, Campbell et al. [2003] suggest that the vertical and spatial resolution of altimetry and imaging data sets influence interpretation of surface roughness, particularly extrapolation of roughness estimates below the resolution of the data set under consideration. Additionally, previous terrestrial studies have demonstrated that the use of linear profiles to characterize surfaces can result in bias due to insufficient sampling of any anisotropic features along the surface [Shepard et al., 2001] .
[3] In this paper we examine the effects of variations in the horizontal and vertical resolution of the topographic data on the interpretation of volcanic features on Kilauea volcano in Hawaii using a new two-dimensional method of calculating surface roughness. Our method uses digital elevation models (DEMs) to calculate three roughness statistics, the RMS deviation at 1 m, the Hurst exponent (H) and the y intercept of the line fit in log-log space (see section 5), which can be compared with results from previous 1-D surface roughness studies. We then map and classify these parameters, enabling the identification of flow boundaries and interflow and intraflow effects such as changes in emplacement mechanism.
[4] Ultimately, we seek to understand the effects of limited resolution topographic data on the interpretation of volcanic features on the surface of Mars. Unfortunately, current data for the topography of the Martian surface from the Mars Orbiter Laser Altimeter (MOLA) have insufficient resolution for roughness studies of flow emplacement processes [Kreslavsky and Head, 2000; Campbell et al., 2003 ]. However, current and future topography derived from the Mars Exploration Rovers (MER) [Li et al., 2006 [Li et al., , 2007 or from the High Resolution Imaging Science Exper-iment (HiRISE) onboard the Mars Reconnaissance Orbiter (MRO) [McEwen et al., 2007] with higher resolution will soon be available, suggesting the need to study the behavior of roughness at smaller scales in order to understand how best to use the roughness to map and interpret the surface of Mars. We have therefore tested our methods on the volcanic terrains on the Big Island of Hawaii, which have been extensively measured with spatial resolutions from 2 cm to 10 m, and are useful analogs for Martian topography. Recognizing that Martian flows are more dust mantled than flows in Hawaii, we are using these higher-resolution topography data sets and new 2-D methods to understand the required resolution for enabling the use of roughness methods to assess terrestrial and Martian flow emplacement processes. In addition, we have assessed ground-truth for our terrestrial observations due to the relative accessibility of the location, enhancing our ability to interpret the results, and strengthening future interpretation of surfaces we cannot directly observe.
[5] In addition to previously stated goals, we examine the assumptions inherent in using statistical measures of roughness such as RMS deviation and Hurst exponent for studying the behavior of natural self-affine, or scaledependent, surfaces. We also identify the key factors that must be considered for global-scale surface roughness mapping, such as the Hurst exponent, data set resolution, RMS deviation at a fixed step size and cell size. In the following sections, we first discuss the previous studies of surface roughness and lava flow emplacement and volcano dynamics. Then we describe the various types of topographic data used in this analysis, including both remotely sensed information and field measurements. Next, we detail the development of the two-dimensional method used to calculate surface roughness statistics, followed by the results of the 2-D technique for the field and remotely sensed data sets, as well as discussion of these results.
Background

Surface Roughness
[6] Many surfaces exhibit a power law relationship between horizontal length scales and statistical measures of vertical roughness, or topographic variation, and are called self-affine, or fractal [Mandelbrot, 1982; Shepard et al., 1995] . We consider one quantitative measure of topographic variation, RMS deviation, as well as the Hurst exponent and y intercept (the topographic variation of the sample). The power law dependence between horizontal length scale and RMS deviation is represented by the Hurst exponent (0 < H < 1), a value characterizing the scaling properties of the topography over a particular range of horizontal scales [Shepard et al., 2001] . Field-based investigations have shown that it is possible for H to change as a function of horizontal scale [Shepard et al., 2001 ], suggesting that H correlates with the physical processes responsible for surface roughness at a particular horizontal scale [Shepard et al., 2001] . The relationship between surface roughness and H is nonunique, but provides clues to the horizontal scales at which closer examination of physical processes should be undertaken. The description of topographic variation requires the use of at least two separate parameters [Sayles and Thomas, 1978; Brown and Scholz, 1985] . In this study we use H, RMS deviation and y intercept, as it has been established that the topographic variation is a function of the length of the sample because surface roughness is nonstationary [Sayles and Thomas, 1978; Brown and Scholz, 1985] . Additionally, we examine the coefficient of the power law relationship between horizontal scale and RMS deviation, the y intercept of the line fit in log-log space. Combining the Hurst exponent and y intercept allows us to make quantitative interpretations of the surface roughness. Topographic data sets derived from instruments such as MOLA ($465 m/pixel global DEM), the High Resolution Stereo Camera (HRSC, $12 m/pixel) and HiRISE ($1 m/pixel) can be used to examine the surface roughness of Mars at increasingly finer resolutions, but the relationships among the roughness calculated at each resolution are poorly understood.
Lava Flow Emplacement and Volcano Dynamics
[7] In comparative planetary studies of volcanic landforms, the discrimination between pahoehoe and 'a'a lava flows has important implications for the interpretation of the formation and evolution of volcanic activity. For example, studies of the morphology of lava flows on Kilauea volcano on the Big Island of Hawaii have yielded important information regarding the temporal and spatial evolution of the emplacement of both 'a'a and pahoehoe lava flows [Kauahikaua et al., 2003] . Furthermore, the morphology of a lava flow provides clues to the plumbing system of the volcano and the evolution of the plumbing system over time, as demonstrated by the study of pahoehoe and 'a'a in the historical records of Kilauea and Mauna Loa [Rowland and Walker, 1990] . For example, Rowland and Walker [1990] were able to infer that the relatively smooth surfaced pahoehoe flows are typical of an open conduit system where magmatic gases decouple from the liquid resulting in long periods of sustained flow at low volumetric flow rates [Rowland and Walker, 1990] . Conversely, 'a'a flows are typically the products of high discharge rates from the vent, likely the result of rapid volume loss of the magma storage chamber [Rowland and Walker, 1990] .
[8] The correlations between magma supply, conduit geometry and resulting lava flow types on basaltic shields made by Rowland and Walker [1990] aid in the interpretation of the Hurst exponent for pahoehoe and 'a'a. Studies have shown that flow rate [Rowland and Walker, 1990; Kauahikaua et al., 2003] and crystallinity [Cashman et al., 1999] can be inferred from the textures observed in cooled lava flows. On Kilauea Volcano, lava is often erupted as fairly smooth surfaced or ropy pahoehoe and later transitions to rubbly, clinkery-surfaced 'a'a, as the volumetric flow rate of a given packet of lava increases [Rowland and Walker, 1990; Kauahikaua et al., 2003] . The increase in volumetric flow rate may occur as the result of an increase in slope, a blockage in the lava pathway along the ground, or an increase in effusion rate at the vent [Kauahikaua et al., 2003] . The higher volumetric flow rate causes the lava flow to exceed the strain rate necessary to disrupt the moving flow surface structure [Kauahikaua et al., 2003] . Surface disruption of the moving flow results in a rough surface texture on the meter to submeter scale, typical of an 'a'a flow [Rowland and Walker, 1990] . In addition, studies of solidified lava crystallinity indicate a higher percentage of plagioclase microlites in solidified 'a'a versus solidified pahoehoe, suggesting crystals may also play a role in the transition from pahoehoe to 'a'a [Cashman et al., 1999] . Assuming no subsequent modification of a flow surface (for example, by weathering), the results of the Cashman et al.
[1999] study suggest that inferences regarding the crystallinity of a remotely sensed lava flow may be made on the basis of the surface roughness.
Summary
[9] We therefore seek to quantify the small-scale topographic differences among the surfaces of lava flows on Kilauea volcano in Hawaii in preparation for future identification and analysis of geologically similar lava flows on Mars. Constraining the spatial and temporal variations of flow formation processes on Mars will provide an additional tool for use in geological mapping and interpretation, thus providing a more complete picture of surface evolution. In addition, we hope to constrain the physical processes affecting the roughness of flows in Kilauea caldera, and by analogy, for flows on Mars. Using the basaltic flows of Kilauea as an analog to Mars is likely appropriate, as previous investigations of the spectral character of the surface of Mars indicate that the dominant composition of the surface materials is basaltic [Bandfield et al., 2000] . In addition, newly identified volcanic features have been revealed by data from instruments such as the Thermal Emission Imaging System (THEMIS) visible camera [Mouginis-Mark and Christensen, 2005] . The recently mapped volcanic constructs on Mars include features such as elongate vents, akin to the terrestrial volcanic fissures that have fed several of the caldera-filling Kilauea flows, and may provide ideal locations for topographic roughness analysis in future work.
Data
[10] The terrestrial topographic data used in this study are evenly spaced DEMs that cover a range of horizontal and vertical resolutions (Figure 1 ). The data sets and the techniques for collecting these data are described in detail in the following sections.
Topsar
[11] The 10 m/pixel TOPSAR DEM covers an area $40 km by 12.8 km [Rowland et al., 1999] and the data coverage extends from the coastline up to the summit caldera of Kilauea volcano (Figure 2 ). The C band data (5.6-cm wavelength) were collected on 30 September 1993 using an airborne synthetic aperture radar [Rowland et al., 1999] . A detailed field investigation of the accuracy of these TOPSAR data by Rowland et al. [1999] demonstrates that the vertical accuracy of the data set is approximately 1 -2 m.
Lidar
[12] The airborne lidar data were collected in January 2004 by Airborne 1, a commercial company (http://airborne1. com/), and cover an area $7.7 km by 4.9 km on the southern portion of the summit caldera of Kilauea volcano, overlapping the TOPSAR data described above [MouginisMark and Garbeil, 2005] 
Tripod-Mounted Lidar
[13] We used a tripod-mounted lidar (T-lidar) system to obtain high-resolution DEMs (2 -3 cm pixel spacing) of 225 -625 m 2 areas within Kilauea caldera (Figure 4 ). The data were collected from 5 to 7 June 2007. We employed an Optech ILRIS-3D scanning lidar instrument and the technical overview can be obtained at http://www.optech.ca/ i3dtechoverview-ilris.htm. The laser is a 1.5 mm, Class 1 (eye safe) instrument with a 40°x 40°field of view. The ILRIS-3D has a sampling rate of 2500 points per second and a company-stated accuracy of 7 mm at 100 m distance. In order to balance survey time, posting and surface coverage, the area surveyed at each field site was $ 400 -1000 m 2 surveyed at a posting of 4 mm in the near field, with point spacing as large as 2 -3 cm in the far field. To minimize the effect of large point spacing and shadowing in the far field, a minimum of two separate scan directions with widely varying azimuths (minimum of 150°separation) were collected at each field site. The instrument outputs a point cloud with x, y and z coordinates, typically composed of several subscans, depending on the size of the area under consideration. Postprocessing of the xyz data is performed using the PolyWorks software package from InnovMetric. A full description of the software package can be found at http://www.innovmetric.com/. Internal alignment of subscans is performed first, followed by alignment of adjacent scan areas. Once the point clouds for one entire field site were aligned, the data were gridded using the Generic Mapping Tools (GMT) with a grid cell resolution of 2 cm for sites B -F and 3 cm for site A.
Field Sites
[14] Six field sites, representative of the range of roughness at Kilauea, and for which previous roughness estimates were available [Campbell and Shepard, 1996] , were used to test our new 2-D method ( Table 1 ). The surfaces selected as field sites cover several different eruptions within the caldera (Figures 3 and 5) , including the 1885, April and September 1982, and July and September 1974 flows. Hurst exponent and surface roughness (y intercept) maps were generated using the methods described below for both the TOPSAR and airborne lidar data sets, and the maps were examined to determine the variations in roughness within the caldera. GPS coordinates of these locations were recorded to verify the location of the field sites within the georeferenced airborne lidar and TOPSAR maps.
[15] Site A is located within a ponded pahoehoe unit (Figure 3 ), a product of the July 1974 eruption within the Kilauea caldera ( Figure 5 ). The surface is composed of large solidified lava plates, flat or sometimes slightly curved and generally 2 -5 m in extent (Figures 4a and 6a) . Overall surface relief within the unit is low, typically on the order of Error in 2-D data calculated from error generated from measurement uncertainty and standard calculation error. Site indicates the site label used in this study. ''C and S'' site indicates Campbell and Shepard [1996] site nomenclature. T-lidar Hurst exponents given for scales from 0.02 to 0.15 m. C and S < 1 m Hurst exponents calculated from 1-D data with minimum 25 cm point spacing Campbell and Shepard [1996] . Airborne lidar Hurst exponents given for scales from 1 to 10 m. C and S > 1 m Hurst exponents calculated from 1-D data with minimum 25 cm point spacing for scales between 1 and 3 -5 m. S et al. Hurst exponents (H 1 ) calculated using Campbell and Shepard [1996] 1-D data up to breakpoint (if present) or up to 10% of the profile length. H 2 calculated after breakpoint (if present).
30 -40 cm at the decameter horizontal scale, and the majority of the surface roughness is covered by cm-sized glass chips spalled off of the exterior of the flow. Festoons are visible on the surface of the 1974 flow when observed from $30 m elevation (from the Byron Ledge Trail on the caldera wall). Sparse vegetation (widely spaced bushes <1 m high) has begun to take root in the cracks between the large plates.
[16] Site B is located near the base of the nearly vertical caldera wall just west of Halemaumau pit crater ( Figure 3 ) in an area of smooth pahoehoe flows erupted in September 1974 ( Figure 5 ). The pahoehoe flows exhibit expanses of large plates similar to sites A and C, with interspersed areas of folded lava flows with individual folds on the order of 20-30 cm across and 10-20 cm high ( Figure 6b ). The surface is highly broken up and cm-sized glass chips litter the area between folds. The site is downwind from the actively degassing Halemaumau pit crater and the April 1982 line of spatter cones within the caldera, which appear to have resulted in the chemical alteration of the flows by the sulfur dioxide continually released from the cooling magma reservoir. The glassy selvages on the pahoehoe flows are coated with a white material, which previous work has shown is likely a combination of alteration products such as a phyllosilicate (clay minerals), palagonite and iron and aluminum hydroxides [Konhauser et al., 2002] . Additionally, recent work by Minitti et al. [2007] find that alteration products of glass-rich basalts from Kilauea are predominantly hydrated silica with minor amounts of iron, titanium and sulfur-bearing minerals. They note that these products are likely to have formed by the leaching and/or dissolution of glass-rich basalts in aqueous, oxidizing, or acidic conditions, with subsequent deposition of insoluble minerals [Minitti et al., 2007] .
[17] Site C is located within a ponded pahoehoe flow from the September 1982 eruption within the caldera (Figures 3 and 6 ). The ponded flow exhibits festoon ridges with an approximate wavelength of 1 -1.5 m. Few folds or toes are evident on the surface of the unit, and the typical relief of the festoons is < 50 cm on the decameter horizontal scale ( Figure 6c ). Similar to site A, the primary contribution to the surface roughness at horizontal scales less than one meter are small glass chips spalled from the exterior of the basalt flow.
[18] Site D is located within the same September 1982 flow unit as site C ( Figure 5 ), yet exhibits a noticeably rougher texture on the meter to decimeter scale ( Figure 6d ). Site D is near the vent area for the September 1982 eruption (Figure 3 ), and is characterized by tumuli, billows and pahoehoe toes with an overall relief of $2 -3 m on the decameter horizontal scale. The surfaces of the tumuli still appear highly glassy, with elongate vesicles exposed where the glassy rind has been spalled. The tumuli are also characterized by extrusions of highly degassed pahoehoe toes that result in smooth, featureless lobes within the flow field.
[19] Site E is the roughest site investigated in this study and is located in blocky, jumbled pahoehoe flows just south (down flow) of the April 1982 spatter ramparts that extend east-northeast from Halemaumau (Figures 3 and 6 ). The jumbled pahoehoe flow exhibits tilted plates typically 80-100 cm across (with a few plates up to 3 m across) characterized by surfaces covered by jagged pieces of broken vesicles. There is little smooth, glassy material in this location. Unfortunately, the TOPSAR and airborne lidar data do not provide overlapping coverage of any true 'a'a flows, so this site was used as a proxy for a rougher 'a'a-like flow. Indeed, our experience with lidar data for Mauna Iki, a satellitic shield on the east rift zone of Kilauea, shows that the low signal return from 'a'a surfaces makes it very difficult to produce a lidar DEM from a true 'a'a flow.
[20] Site F is located within a devitrified, oxidized pahoehoe flow field identified as the oldest flow on the caldera floor ( Figure 5 ). In the field, the relief within the exposed flow field is on the order of 2 -3 m, with tumuli appearing to form the majority of the relief. Individual pahoehoe toes are typically 1 -2 m across near their termini and the surfaces of the pahoehoe billows have lost their glassy selvage, leaving a zone of vesicle concentration exposed to the atmosphere (Figure 6f ). The flows appear matte brown-gray to the naked eye and revegetation has been initiated in the cracks between billows. Although vegetation was present here and at site A, we did not remove it from any of the three data sets, as the vegetation was sufficiently sparse and widespread that we believe the surface roughness will not be significantly affected. This location is not one of the sites used by Campbell and Shepard [1996] in their roughness study of Kilauea, but was selected because of the relatively high Hurst exponent derived from the airborne lidar DEM.
Two-Dimensional Roughness Method
[21] Previous workers have extensively discussed the development of models for calculating the statistical roughness of self-affine natural terrestrial surfaces using several different approaches [Turcotte, 1992; Shepard et al., 1995 Shepard et al., , 2001 Campbell and Shepard, 1996; Butler et al., 2001] . The traditional approach utilizes profiles or transects across a surface of visually homogenous apparent roughness, often in orthogonal directions, to calculate RMS deviation or variance (the square of RMS deviation) for increasing step sizes [Shepard et al., 1995; Campbell and Shepard, 1996] . However, the roughness of natural surfaces is often anisotropic [Shepard et al., 2001 ], leading to a bias in the calculated RMS deviation and resulting Hurst exponent and making a map-based roughness calculation a potentially powerful approach to understanding surface roughness. In the profile method, unit boundaries are preselected on the basis of visually derived apparent roughness, whereas in the map-based analysis, unit boundaries are not predetermined. In addition, using a two-dimensional analysis enlarges the available roughness data set from select, directional-dependent profiles to a nonpreferential analysis of the entire surface under investigation. One caveat of using the 2-D roughness method is that, as the cells become larger, inclusion of topography outside the desired region leads to contamination of the surface roughness of that particular unit. We propose a method for minimizing contamination in section 7.1.3.
[22] Calculation of the statistical roughness parameters in two dimensions requires the use of a DEM and modification of the commonly used profile-based roughness calculation methods. Here we first describe the approach in terms of previous models followed by the adaptations made in this study in order to maximize the full potential of the data in two dimensions.
[23] As mentioned above, RMS deviation is the RMS height difference between points separated by a lag or step. The RMS deviation is a function of lag or step size and for use in profile studies is given by
where n is the number of samples, z is the elevation, and Dx is the step size. The RMS deviation of self-affine surfaces scales with the distance between samples along a onedimensional profile (Dx) [Shepard et al., 2001] . The relationship between the RMS deviation and the step size is given by
where H is the Hurst exponent (0 < H < 1). The RMS deviation and step size are plotted against one another on a log-log graph, known as a deviogram, for which the slope of the line is the Hurst exponent and the y intercept of the linear fit represents topographic variation at that range of scales. Previous work has shown that the Hurst exponent can change as a function of scale, indicating that different underlying geologic processes may be affecting the roughness of the surface [Shepard and Campbell, 1999; Shepard et al., 2001] .
[24] To calculate the roughness of a region, we start with an equally spaced DEM and divide it into square subgroups of pixels, or cells, of a predetermined size. In order to obtain enough data points for statistically valid results, each of these cells is 10 times larger than the maximum step size used for calculation of the Hurst exponent [Shepard et al., 2001] . Next, all possible offsets (steps) between pixels are identified and the RMS deviation of a point on the surface as a function of step size is then calculated for all pixel pairs within the cell and is given by a modified version of equation (1):
where m and n are the number of samples in the x and y directions, z is the elevation, and Dx and Dy equal the step size in the x and y directions. The deviation needs to be calculated for all step sizes of the same magnitude, though this may represent different lateral and vertical shifts of the DEM, so the scalar distance of a shift is determined by
[25] Similar to the profile case, the RMS deviation of self-affine surfaces is a power law that scales between scalar distance (Dd) and n(x,y):
[26] We use the calculated RMS deviation and the step size to derive a deviogram, Hurst exponent and y intercept for each cell. For each cell, the y intercept of the log-log plot is then mapped as an image, providing a quantitative 2-D view of surface roughness within the entire available topography data set. Additionally, the Hurst exponent is also mapped as an image, providing a map view of the scaling properties of each cell in the topography data set.
[27] A similar 2-D approach has been used for investigation of riverbed roughness [Butler et al., 2001] . A 2-D variogram (the square of the deviogram) was used to calculate directionally dependent estimates of the fractal dimensions of gravel bed rivers, on the basis of an equation similar to the one we describe above [Butler et al., 2001] . The primary difference between the two equations is that in the work of Butler et al. [2001] , the 2-D method was used directionally to assess homogeneity of the river bed, as opposed to using it in a mapping sense, as we do in this study. Butler et al. [2001] find that the method identifies two characteristic fractal bands within the river; one band associated with the subgrain scale and one band associated with the grain scale. Butler et al. [2001] suggest that the anisotropic signal of the downstream flow is revealed by 2-D fractal analysis, providing a more complete picture of the structure of gravel bed rivers. The findings of Butler et al. [2001] suggest that the 2-D analysis is a useful tool for determining roughness characteristics of natural, potentially anisotropic surfaces such as lava flows.
6. Kilauea Results: Application to T-Lidar, Airborne Lidar, and TOPSAR Data
[28] Maps of the Hurst exponent and y intercept were generated from the TOPSAR, airborne lidar and T-lidar data using the two-dimensional technique described in the previous section. The Hurst exponent and y intercept maps were generated for cell sizes of 300 m and 1000 m for TOPSAR (Figure 7 (Figure 9b ). For comparison of the scaling behavior to the topographic variation, the y intercept of the linear fit in log-log space is illustrated in maps with the same cell sizes as the Hurst exponent maps, where high values of the y intercept indicate higher variance in the topography, or a rougher surface (Figures 7c, 7d, 8c, 8d, 9c, and 9d) . The TOPSAR data were useful in obtaining an overview of the roughness of the entire volcano, but the spatial resolution and vertical accuracy were far too coarse to differentiate flows within the caldera. As mentioned in section 3.1, the vertical accuracy of the TOPSAR data set is 1 -2 m [Rowland et al., 1999] , significantly larger than the observed roughness of the majority of the lava flows in this study. As a result, we primarily focus on the T-lidar and airborne lidar results.
[29] In general, the calculated absolute roughness variations correlate well with observed geology. The results for the step sizes between 0.02 m and 0.15 m (T-lidar) are consistent with the geology observed in the field for each of the sites (Figure 10 ). At the smallest scales (T-lidar), sites A and C have the lowest RMS deviation, while sites B and D have the next highest values and sites E and F are the roughest (have the highest RMS deviation at 1 m step size). At the 1 to 10 m step sizes (airborne lidar), sites D, E and F have the highest RMS deviations and highest average Hurst exponents (Table 1) , while the ponded pahoehoe flows at sites A, B and C exhibit the lowest RMS deviations and lowest average Hurst exponents (Figure 11 ). At step sizes between 10 and 100 m (TOPSAR), the sites closest to the caldera wall, particularly sites A and B (Figure 3) , exhibit a marked increase in RMS deviation at the large scales due to the influence of the nearly vertical cliffs bounding the caldera (Figure 11 ). The y intercepts of the linear fit to the deviograms also provide useful information regarding the topographic variation (Table 2) . Sites A, B and C all have the lowest y intercepts at the T-lidar and airborne lidar scales (and thus have less variance), while sites D, E and F are all rougher (have more variance) at the 0.02 to 10 m scales ( Table 2 ). The inconsistency of the topographic variation across the airborne lidar and TOPSAR data sets at sites E and F will be discussed in the following sections.
Site A
[30] The deviogram from site A exhibits a low Hurst exponent at T-lidar scales (H = 0.28 ± 0.09), moderate Hurst exponent at the airborne lidar scale (H = 0.40 ± 0.002) and a fairly high Hurst exponent at the TOPSAR scale (H = 0.78 ± 0.05) ( Table 1 and Figure 11a ). The y intercepts of the linear fit of the log-log plot are 0.02 m for T-lidar, 0.16 m for airborne lidar and 0.37 m for the TOPSAR data (Table 2 ). In the T-lidar deviogram, there appears to be a slight change in behavior at $ 0.10 m, where the slope of the deviogram becomes steeper with increasing step size (Figure 11a ). The small change in the Hurst exponent at $10 cm step size is likely reflecting the spallation of glass chips from the surface of the ponded flow and the resulting increase in measured RMS deviation from the presence of cm-sized glass chips littering the surface at the smallest scales and a decrease in the variance of the surface roughness (y intercept) due to infilling of topography at the decimeter scale. No statistically valid change in the Hurst exponent is observed in the airborne lidar deviogram; the RMS deviations increase consistently with increasing step size. The difference in the y intercepts of the T-lidar (0.02 m) and airborne lidar (0.17 m) data reflects the increase in topographic variance with increase in scale, which is likely the result of increased variance from the large (2 -5 m diameter) lava plates that form the surface of the flow. The deviogram is smooth but steep at the TOPSAR scale, which is likely due to the influence of the caldera wall located $170 m from the field site. As would be expected on the basis of the lack of inflation features observed at site A, the deviogram does not appear to exhibit any marked change at 15 m, which is often indicative of the influence of inflation features such as tumuli [Campbell and Shepard, 1996] . The slope of the deviogram does not change across the 50 m inflection typical of surfaces in the region that are influenced by the preexisting topography [Campbell and Shepard, 1996] . The lack of both inflation features and a signature of the preexisting topography is consistent with the observation that the July 1974 pahoehoe flow ponded against the eastern wall of the caldera.
Site B
[31] Site B exhibits moderate Hurst exponents at the Tlidar (H = 0.46 ± 0.06) and airborne lidar scales (H = 0.36 ± 0.01) and a high Hurst exponent at the TOPSAR scale (H = 0.69 ± 0.03) (Table 1 and Figure 11b ). The y intercept values for site B are 0.05 m for the T-lidar data, 0.10 m for the airborne lidar data and 0.77 m for the TOPSAR data ( Table 2 ). The T-lidar deviogram does not show any statistical change in Hurst exponent over the 0.02 to 0.14 m step size range. In the airborne lidar deviogram, there is a slight increase in slope at $2-3 m, indicating a decrease in overall topographic variance above $ 2 m. The decrease in variance at this scale is likely the result of infilling of topography from spallation of glass chips and pieces of the broken up surface. This site is the only one to exhibit large degrees of hydrothermal alteration materials on the surface and we note that the alteration is not detected as smoothing in the small step sizes, but is likely contributing to the lower topographic variance at meter-scale sizes due to the friable and easily disturbed nature of the flows. The deviogram is steep at the TOPSAR scale, likely to be due to the influence of the caldera wall located $50 m westsouthwest from the field site. The large variations of the calculated RMS deviation between the airborne lidar and TOPSAR data sets are unique to sites A and B, and we believe the high roughness in the TOPSAR data is partially due to the proximity of the sites to the caldera wall (in addition to the relatively low vertical accuracy of the TOPSAR, as discussed above). The effects of the caldera wall, the cell size and the resulting RMS deviation and Hurst exponents will be discussed in the discussion section.
Site C
[32] Site C exhibits a moderate Hurst exponent at the T-lidar scale (H = 0.51 ± 0.14), low Hurst exponent at the airborne lidar scale (H = 0.23 ± 0.03) and a moderate Hurst exponent at the TOPSAR scale (H = 0.44 ± 0.09) ( Table 1 and Figure 11c ). The y intercepts are 0.03 m for T-lidar, 0.15 m for airborne lidar and 0.72 m for TOPSAR ( Table 2) . The airborne lidar data show a slight reduction in deviogram slope for scales larger than $2.2 m, resulting in a decrease in the Hurst exponent from 0.32 to 0.23. The higher Hurst exponent at scales below 2 m is likely the result of the festoon ridges and small-scale flow features causing high topographic variation at scales smaller than $2 m (the approximate spacing of the ridges). The lower Hurst exponent at scales above $2 m is the result of lower topographic variance due the low relief of the lava plates above 2 m step sizes. In addition to the meter-scale roughness variations observed in the airborne lidar data, there is also a decrease in Hurst exponent from 0.51 to 0.45 in the TOPSAR data for scales larger than $30 m. The decrease in Hurst exponent observed at these large step sizes is possibly the result of the large ponded flow that did not travel down any obvious slopes. Campbell and Shepard [1996] observed a similar smoothing trend in flows that ponded behind a topographic barrier versus flows that traveled downslope. Table 2 ). The T-lidar scale Hurst exponent is particularly high at this site because of the low RMS deviations at the short step sizes as a result of the highly smooth, glassy nature of portions of the flow surface scanned by the laser. The change from low RMS deviations to higher RMS deviations at the larger step sizes results in a steep deviogram and thus a high Hurst exponent. There are no apparent changes in Hurst exponent in the T-lidar deviogram. No obvious breakpoints in the Hurst exponent are observed in the airborne lidar deviogram, but an increase from 0.67 to 0.73 is observed in the TOPSAR data for step sizes greater than 40 m. This increase in RMS deviation at longer step sizes is potentially the result of the increase in topographic Table 2) . Site E has the highest degree of topographic variation at the 0.02 to 10 m scales (it is the roughest site). Upon examination of the individual deviograms, we do not observe a change in the Hurst exponent in the T-lidar deviogram, although there is a decrease in Hurst exponent from 0.61 to 0.53 for step sizes larger than $3 m in the airborne lidar deviogram. There is a definite decrease in the Hurst exponent in the TOPSAR deviogram from 0.53 to 0.45 for step sizes larger than $ 32 m. Additionally, the derived Hurst exponent for site E between step sizes of $3 and 32 m is essentially identical, despite the RMS deviations being calculated from different data sets. The high topographic variance of the site E flow is likely to be the result of the proximity to the spatter ramparts that served as vents for the April 1982 eruption on the floor of the caldera. The resulting flows were emplaced and subsequently jumbled as material was fed from the vent, breaking up the solidified surface before flowing away from the source vent. The breakpoint in the airborne lidar deviogram at 3 m is consistent with the size of the largest plates in the region of site E. The jumbled flows and large plates contribute more variance (roughness) to the topography at step sizes smaller than $3 m.
Site F
[35] Site F exhibits fairly high Hurst exponents in the T-lidar (H = 0.67 ± 0.02) and airborne lidar (H = 0.63 ± 0.02) data and fairly low Hurst exponent in the TOPSAR data (H = 0.32 ± 0.19) (Table 1 and Figure 11f ). The y intercepts at site F are 0.17 m for both T-lidar and airborne lidar and 0.49 m for TOPSAR ( Table 2 ). The T-lidar deviogram does not appear to have any breakpoints, indicating that the surface roughness at step sizes between 0.02 and 0.14 m scales at a constant rate. There is a breakpoint in the airborne lidar deviogram, where the Hurst exponent decreases from 0.68 to 0.54 for scales larger than $5 m, consistent with increased topographic variance from the tumuli observed at this field site. The tumuli contribute to the higher topographic variance for scales smaller than $5 m and the resulting Hurst exponent is lower. There is also a breakpoint in the TOPSAR deviogram, where the Hurst exponent decreases from 0.54 to 0.28 for scales larger than $28 m. Interestingly, as is the case with the very rough April 1982 flow containing site E, the Hurst exponent for step sizes between 5 m and 28 m is the same in both the airborne lidar and TOPSAR data.
Discussion
[36] This study of surface roughness analysis techniques was motivated by the desire to understand the effects of data Figure 10 . Deviograms of six field sites at three data set resolutions. Gap between T-lidar data and airborne lidar data is the result of insufficient coverage of the T-lidar data to obtain roughness data at longer step sizes. Photos showing each site are in Figure 6 . set resolution on the identification of emplacement and modification processes on young volcanic terrains. The results indicate that surface roughness analysis methods in two dimensions show promise as useful tools when investigating the emplacement history and subsequent modification of lava flows in Hawaii, and by inference other terrestrial basaltic shield volcanoes. The results for six field sites on Kilauea indicate there are breakpoints in the deviogram slope at a range of wavelengths, consistent with a surface formed by several physical processes. The processes contributing to the surface roughness of a given lava flow include rate of flow (if flowing down a slope rather than topographically ponded), flow inflation, degassing, vesiculation, crystallization and processes associated with cooling of the flow (spallation of glass chips, cracking of the surface) [Gaddis et al., 1990] . The roughness signatures of these processes are recorded on the surface of the flow, allowing interpretation of the history of the flow after emplacement. For example, we observe higher topographic variance at scales of 5 -10 m for sites D, E and F. Sites D and F are both located within compound pahoehoe flow fields and exhibit inflation features such as tumuli and pahoehoe toes. Site E is characterized by jumbled, rafted plates of spiny pahoehoe, which cause the RMS deviation and subsequent y intercept to be high at step sizes from 0.02 m up to 10 m. Site D is characterized by glassy surfaces at the small scale, and by inflation features at step sizes from 1 to 10 m (y intercepts of 0.09 m and 0.17 m for T-lidar and airborne lidar, respectively). While the deviogram for site E is characterized by the highest RMS deviations up to the 10 m scale, the steep deviogram for site D is the result of an increase in topographic variance with increasing scale. In contrast to the lava flows that formed compound and jumbled pahoehoe fields, the three field sites where the pahoehoe was topographically ponded exhibit statistical roughness values that are consistent with topographic confinement of the flow. Sites A, B and C are all ponded pahoehoe flows with lower topographic variance than sites D, E and F at the 5 -10 m scale, indicating that the confining caldera walls played a role in preventing the formation of features that would result in higher degrees of topographic variance at those scales.
Comparison to Previous Methods
[37] Results from Campbell and Shepard [1996] using the traditional profile method over the same flows are moderately consistent with our results for the two-dimensional surface roughness method, although differences in the Hurst exponent (Table 1) and RMS deviation at 1 m are noted (Table 3) . We compare our Hurst exponent, H, to their fractal dimension, D, using the relationship D = 3 À H for an isotropic surface [Shepard et al., 2001] where D (2D) = D (1D) +1. One caveat of this comparison is that if the surface is anisotropic, the relationship between D (1D) and D (2D) is not as simple as adding 1 to the D (1D) fractal dimension, and thus D (2D) for an anisotropic surface will be a value between D (1D) and D (2D) for an isotropic surface [Goff, 1990; Huang and Turcotte, 1990] . This will in turn translate into a change in the Hurst exponent. Assuming the profiles and cells are located within the same flow, the degree of agreement between the 1-D and 2-D results may indicate whether or not the surface exhibits anisotropy. In subsequent work, we plan to improve the model to calculate anisotropy in the surface. Campbell and Shepard [1996] do not provide uncertainties for their D values, but the estimated uncertainty for the Hurst exponent values given by Shepard et al. [2001] (using the Campbell and Shepard [1996] data) is ± 0.05. 7.1.1.
Step Sizes < 1 m
[38] The largest difference between our results and those of Campbell and Shepard [1996] at scales < 1 m occur for sites A and B, both ponded pahoehoe flows with large slightly curving plates 2 -5 m in diameter. The Hurst exponents calculated by Campbell and Shepard [1996] are significantly higher than the Hurst exponents calculated in this study (Table 1) . For site A, our value for the Hurst exponent of 0.28 ± 0.09 for step sizes from 0.03 to 0.15 m using the T-lidar data is significantly lower than the 0.71 calculated by Campbell and Shepard [1996] at scales less than 1 m. The value of the Hurst exponent at site B given by Campbell and Shepard [1996] for scales less than one meter is 0.69 and the value from this study is 0.46 ± 0.06. One potential cause of the discrepancies between the results is the inherent difference in data set resolution. The T-lidar data have been gridded to a DEM with 3 cm spacing for site A and 2 cm spacing for site B, while the Campbell and Shepard [1996] profile-derived data have a minimum 25 cm horizontal spacing. While the 25 cm spacing of the profile would miss small-scale roughness, the increased resolution of the T-lidar readily detects the cm-scale glass chips littering the surface, resulting in an increased RMS deviation at the smaller scales. Higher RMS deviations at smaller step sizes and RMS deviations similar to Campbell and Shepard [1996] at longer step sizes result in flatter deviograms and lower values for the Hurst exponent in the T-lidar data. Conversely, the calculated Hurst exponent for site C, the other ponded pahoehoe flow in the study area, is very similar in both this study (0.51 ± 0.14) and the Campbell and Shepard [1996] results (0.53).
[39] The calculated Hurst exponent for step sizes < 1 m at site D is higher in this study than the Campbell and Shepard [1996] profile-derived data. The Hurst exponent calculated in 2-D is 0.78 ± 0.08 and the value calculated from the profile data is 0.64. This site is characterized by very smooth areas of extruded glassy pahoehoe near the bases of 1 -2 m high tumuli, resulting in very low roughness at small scales and higher roughness at longer step sizes. It is likely the profile data did not ''sense'' the highly smooth small-scale region, but did ''sense'' the roughness of the more vesicular surfaces and inflation features at the longer step sizes. The low small-scale roughness and higher roughness at the longer step sizes in the T-lidar data result in a steep deviogram and a high Hurst exponent. The Hurst exponent calculated in this study for site E is similar to that calculated by Campbell and Shepard [1996] (Table 1 ). These differences illustrate how the Hurst exponent is influenced by resolution at small scales and by regional morphology at large scales. 7.1.2.
Step Sizes > > 1 m
[40] Sites with the largest degree of difference between the Hurst exponent from Campbell and Shepard [1996] and this study at scales greater than 1 m are sites B and C (Table 1) . It is important to note that Campbell and Shepard [1996] only calculated the Hurst exponent up to scales of 3 -5 m, depending on the site, while our study calculated the Hurst exponent along the entire deviogram for scales from 1 to 10 m. For site B, the Hurst exponent value from Campbell and Shepard [1996] for step sizes greater than 1 m is 0.58, significantly higher than the Hurst exponent of 0.36 ± 0.01 calculated from the airborne lidar DEM in this study. At site C, the Hurst exponents for scales above 1 m are significantly different between the value derived from the airborne lidar (0.23 ± 0.03) and the value derived from the profile in the Campbell and Shepard [1996] study (0.70). One potential cause for our significantly lower Hurst exponent values is that Campbell and Shepard [1996] only calculated H up to $4 m step sizes due to the presence of a breakpoint in the deviogram, while our calculation of H using airborne lidar used up to 10 m step sizes. If the 1-D H was calculated using the entire deviogram, H is significantly closer to the airborne lidar value. Additionally, the vertical accuracy of the airborne lidar data is 2 cm [Mouginis-Mark and Garbeil, 2005] , while the vertical accuracy of the 1-D data is $ 1 cm [Campbell and Shepard, 1996] . The lower vertical accuracy of the airborne lidar data limits the size of the topographic changes that can be sensed, essentially smoothing out the surface at the shorter step sizes.
[41] As calculated from the airborne lidar data, the RMS deviations at 1 m from the 2-D study are higher than those calculated from the 1-D study [Campbell and Shepard, 1996] (Table 3 ). The site A RMS deviation from the 2-D study is 16.0 cm, while the 1-D study reported a value of 4.78 cm (Table 3 ). The value for site B is much closer, where the 2-D study reports a value of 10.5 cm and the 1-D study reports a value of 9.01 cm ( Table 3 ). The location of the 1-D profile for site A may have been in a different place than the field site selected in this study, or the presence of vegetation within the 2-D data set may have artificially inflated the RMS deviation. Site B, downwind from Halemaumau, does not have any vegetation on the lava flows. The RMS deviations for sites C, D and E (14.8, 17.6 and 37.8 cm, respectively) are all higher in the 2-D roughness data than in the 1-D (3.89, 10.30 and 21.36 cm, respectively), although the magnitudes of the values relative to one another are similar (Table 3 ). This may be one instance in which the higher RMS deviations derived from the 2-D technique indicate a degree of surface anisotropy at these sites. Sites A and C both have festoon ridges on the surface of the flows and sites D and E are both near vent regions. Although measurement of the absolute degree of anisotropy is beyond the scope of this current work, it is not improbable that there is surface anisotropy that is detected in the 2-D roughness analysis.
[42] In addition to the above possibilities for the differences between the 1-D and 2-D Hurst exponent and RMS deviation values, it is possible local variations in flow morphology resulting in anisotropic roughness may have biased the results from the profile transect method of sampling. It is possible that the Campbell and Shepard [1996] study measured the flows along or across a flow axis, resulting in a higher estimate of roughness than may be appropriate for the entire surface of the flow. In contrast, the DEM-based roughness averages the roughness of the entire surface at each step size, resulting in a smoother surface at the longer step sizes and a potentially more accurate representation of the surface roughness. Recent work on the identification of lava flow structures using Fourier transforms on DEMs by Lescinsky et al. [2007] also suggests that linear topographic profiles may provide inaccurate information on surfaces that exhibit directionality during formation. In addition to accounting for bias introduced by feature anisotropy, the larger sample utilized in the 2-D method provides more points resulting in better averages of the roughness of the entire surface. 7.1.3. Interpretation
[43] The results from the roughness analysis show that the calculated RMS deviation and the derived Hurst exponent are influenced by the size of the cell used. To assess this effect, we performed an analysis of the cell size used versus a reference RMS deviation of 1 m for each of the six field sites (Figure 12a ). We also examine the relationship between the cell size and Hurst exponent (Figure 12b ) and between the RMS deviation at 1 m and Hurst exponent (Figure 12c ). In addition to the examination of these relationships in 2-D, we also analyzed the effect cell size (profile length) had on the resulting Hurst exponent in 1-D using data from Campbell and Shepard [1996] .
[44] The results indicate that generally, as cell size increases, the RMS deviation at 1 m remains fairly constant until a particular cell size is reached and then the RMS deviation changes, either increasing or decreasing depending upon the unit under consideration (Figure 12a ). The cell size where the RMS deviation at 1 m changes typically corresponds to the size of the geomorphologic unit, which when exceeded results in the inclusion of other surface units or steep topography. Exceptions to this general trend exist, particularly sites B and E. Site B is located in close proximity to the western caldera wall, which appears to influence the calculated RMS deviation in these cells, depending on the absolute location of the cell within the DEM. At times, the cell falls entirely within the caldera floor, while other cell sizes incorporate the caldera wall. There are three distinct trends in Figure 12a where the cell sizes with the lowest RMS deviation are those that do not incorporate the signature of the caldera wall, the cells with moderate RMS deviation are influenced by the drastic height difference from the caldera wall, and the cells with the highest RMS deviation are dominated by the signature of the caldera wall. In Figure 12a , the RMS deviations of site E appear to be relatively constant until a cell size of approximately 100 m, where the RMS deviation doubles. As the cell size increases for site E, the RMS deviation decreases to values near those calculated for cell sizes less than 100 m. The increase in RMS deviation at a cell size of 100 m is likely the result of the cells becoming large enough to incorporate the spatter ramparts that fed the flow. In addition, the decrease in RMS deviation as the cell size continues to increase is likely the result of the averaging of the smoother, surrounding surfaces into the calculated RMS deviation for the area. [45] The Hurst exponent exhibits degrees of variation with changes in cell size and it appears to be dependent on the intrinsic roughness of the surface (Figure 12b ). The smoother surfaces (the ponded flows of sites A, B and C) generally have lower Hurst exponents until the cell size that exceeds the boundaries of the flow is reached. As discussed relative to the RMS deviation, the Hurst exponent for site B varies between high H values and low H values, depending on where exactly the cell is located within the map and whether or not it includes the steep caldera wall (Figure 12b ). The rougher surfaces of sites D and E exhibit fairly constant behavior until we believe the boundaries of the flows are reached (Figure 12b ). The Hurst exponents calculated at site F decrease fairly constantly with increasing cell size.
[46] As demonstrated in the above discussion, cell size is an important factor in the mapping and investigation of the surface roughness of lava flows and should be considered when undertaking roughness mapping of any surface. Using the 2-D surface roughness calculation method in mapping mode requires that the user edit out data that clearly do not belong to a unit of interest, such as steep topography adjacent to the unit. Additionally, the range of length scales used to calculate H significantly affects the resulting Hurst exponent, particularly in the 1-D case. In a comparison of the Hurst exponent calculated for the 1-D and 2-D data versus the minimum step size, we note that the 2-D method produces significantly more consistent results, despite decreasing the range of the deviogram used ( Figure 13 ). This test was performed to approximate using the smaller range of the deviogram as used by Campbell and Shepard [1996] . The calculation of the surface roughness over the entire surface instead of a one-dimensional sample of the topography appears to lead to more consistent results regardless of the portion of the deviogram used.
Influence of Topography
[47] As a lava flow is emplaced, the underlying topography is one of the main controls of flow rate. Preexisting topography has a strong effect on terrestrial lava flow emplacement and recently has been discussed regarding flow emplacement on Mars, where Glaze and Baloga [2007] find that the scale of preexisting topography exhibits a strong influence on resulting flow thickness regardless of the overall thickness of the lava flow being emplaced [Glaze and Baloga, 2007] . We observe variations in surface roughness that correlate well with the influence of the underlying topography on the resulting flow morphology. The surface roughness of flows emplaced and subsequently ponded is readily distinguished from the surface roughness of flows that were emplaced while flowing across preexisting topography in the deviograms of the sample volcanic surfaces in Kilauea caldera (Figure 11 ). The flows that were ponded against topographic barriers have lower RMS deviations at the meter and tens of meter scales (Figure 11 ). These flows do not exhibit significant inflation features or flow features in the field, consistent with the low RMS deviations at the meter and tens of meter scales. The flows that exhibit inflation features such as tumuli and/or compound flow emplacement features such as lobes have higher RMS deviations at the meter and tens of meter scales than the ponded flows. Campbell and Shepard [1996] also observed a trend of decreasing roughness from flows on slopes to flows that were topographically confined during emplacement. In addition to topographic controls, the vent areas of several of the example flows are significantly rougher than the flows that were fed from the vent system. For example, site D is located within the vent area for site C, and is characterized by a significantly higher RMS deviation at meter scales, due to the compound flows that dominate the area of site D. Site E is located just down flow from the vent that fed the April 1982 lava flows, and the spatter ramparts that fed the flows are significantly rougher than the actual flows as well.
[48] We conducted a field survey of the caldera and noted that there was at least one location where the calculated surface roughness was not an expression of the actual surface, but the result of underlying flow topography dominating the roughness at the scale of the measurement. The influence of the underlying topography was observed when the airborne lidar Hurst exponent map and highresolution images were compared to field observations of the western region of the caldera. In the images and in the field, a finger-like flow extends across the surface of a homogenously smooth pyroclastic deposit. In the field, the pahoehoe flow is a thin veneer ($20-30 cm thick) over a pyroclastic deposit and displays the same smooth surface morphology along the length of the flow. The roughness data indicate that this flow is rougher closer to Halemaumau pit crater and smoother out toward the outer caldera wall. The change in roughness that is detected by the Hurst exponent maps at the 3, 5 and 10 m scale is likely to be the result of the underlying topography overprinting the surface signature. Also, the flow has a slightly ropy texture near the source, likely contributing to the rougher signature in the proximal regions of the flow. The above example suggests that surface roughness data extend the potential range of interpretations, as we are able to determine whether underlying topography or other emplacement processes influence the surface.
Conclusions
[49] Using known relationships for RMS deviation and Hurst exponent we have calculated 2-D maps of surface roughness for six field sites in Kilauea caldera at three different data set resolutions. The 2-D roughness maps of the six field sites indicate that geological processes involved in the emplacement of young volcanic terrains leave signatures that can be identified in the surface roughness data. Although processes such as flow inflation cannot be uniquely identified based solely on the surface roughness maps or the individual deviogram for that surface, combining surface roughness data with high-resolution image data provides additional information regarding the character of the surface under investigation.
[50] Testing of the 2-D surface roughness analysis has shown that it is important to consider the size of the cells used in the investigation. If the cell size exceeds the size of the unit under analysis, the surface roughness value will include surrounding terrain and result in an incorrect value. When mapping units with previously unidentified boundaries, such as on Mars or another planet, it is important to consider this mixing effect on roughness analysis.
[51] The resolution of the data set is also of critical importance. If the horizontal resolution of the data set is lower than the size of features that characterize the roughness of the surface, the results for the Hurst exponent or RMS deviation will be biased. Additionally, if the surface feature is dominated by the underlying topography and the data set resolution is below the scales that characterize the surface roughness, the underlying topography will dominate the signal and information regarding the character of the surface under investigation will be lost.
[52] Future applications of this technique include applications to high-resolution topography data sets and topographic and surface roughness analysis of flow features on Mars, particularly in volcanic areas imaged by the HiRISE camera. We anticipate detailed analysis of high-resolution images and DEMs derived from stereo imaging of young volcanic terrains on Mars will be highly conducive to studies of the spatial and temporal relationships among lava flows.
